Experiments to evaluate the optimum plant population density and sowing date for winter peas, semileafless cv. Rafale, were sited on free draining sandy loam soils at Thornhaugh, Cambridgeshire in 1993\94 (Expt 1), 1994\95 (Expt 2) and 1995\96 (Expt 3). Peas were sown at the end of October, in mid-November and early December, at seed rates to achieve final plant densities in spring of 50, 70 or 90 plants\m#. Seed rates were calculated allowing for 20 % seedbed loss and plant loss due to winter kill in Expt 1, and 15 % in the other two years.
INTRODUCTION
Winter pea cultivars of field peas (Pisum sativum L. partim), such as Frisson, bred by the Institut National Recherche Agronomique (INRA), were evaluated in the 1970s but they were low yielding and less winter hardy in the UK than in France. Both field studies (Bourion 1996) and cold tolerance studies of winter pea cultivars under controlled conditions (Carroue! e 1996) have shown that modern cultivars, including Rafale, are less cold-sensitive than Frisson.
Modern cultivars also have a higher yield potential than earlier breeding material. Experiments in France have shown that, in some areas, winter pea cultivars sown in November and December performed better than spring cultivars sown in spring (Gaillard & Leveau 1996) , and there were similar indications in experiments in England at the Processors & Growers Research Organisation. They also offered an opportunity for earlier harvests.
Winter peas may suffer infections of the seed-borne disease, pea bacterial blight (Pseudomonas syringae pv. pisi), which cannot be controlled with available fungicides. It is initiated by physical damage caused by pests, frost or the use of mechanical rollers and can become severe if wet weather follows. Studies of this disease have been made in France (Samson 1996) , and it is considered the main risk in growing the winter pea crop (Anon. 1996) . The effects of disease, severe winter weather and late frosts on winter peas are partly dependent on sowing date.
UK growers have shown an interest in winter peas ; trade estimates show that the area has increased from . .   . .  1600 ha sown in autumn 1994 to 4000 ha sown in autumn 1995. A series of experiments was designed to assess the influence of autumn sowing date and plant population density on the yield of a new semi-leafless cultivar, Rafale.
MATERIALS AND METHODS
The experiments in 1993\94 (Expt 1), 1994\95 (Expt 2) and 1995\96 (Expt 3) were sited on different fields at Thornhaugh, Cambridgeshire on sandy loam soils overlying limestone. Peas followed the second winter wheat in a rotation of potatoes\winter wheat\ sugarbeet\winter wheat.
Experimental design
There were four replications of factorial design where peas were sown at the end of October, mid-November and early December on main plots. Main plots were split for target plant densities (in spring) of 50, 70 and 90 plants\m#, to give nine plots per replicate. Plot size was 2i12 m, and harvest area was 1n5i12 m.
Husbandry
The experimental area was ploughed in October. Plots were cultivated just prior to each drilling date. The peas, cv. Rafale, were sown in row widths of 15 cm, at 5 cm depth, with an Øyjord plot drill and at seed rates to achieve the required final plant densities in spring using the formula :
Seed rate kg\ha l TSWitarget plant density % germination i 100 100kL in which TSW l thousand-seed weight which was 167 in Expt 1, 181 in Expt 2 and 170 in Expt 3 ; germination was 99 % in all experiments ; and L l field loss factor to account for expected seedbed losses and plant death over winter. A factor of 20 was chosen for Expt 1, and 15 for Expts 2 and 3. The seed rates for target populations 50, 70 and 90 plants\m# were 99, 139 and 179 kg\ha, respectively, for Expt 1, 108, 151 and 194 kg\ha for Expt 2 and 105, 147 and 189 kg\ha for Expt 3. The plots were rolled after drilling, except in Expt 3, where the seedbed was too wet to roll December-sown plots.
Broad-leaved weeds were controlled with terbutyrn\terbuthylazine applied before crop emergence. A post-emergence herbicide tank-mix of bentazone\ MCPBjcyanazine in Expt 2 and bentazone in Expt 3 was applied in spring to control mainly Galium aparine. Pirimicarb sprays were applied in June to control aphids (Acyrthosiphon pisum). Plots were protected against bird damage. The peas were harvested at dry seed stage with a Wintersteiger Nurserymaster plot combine.
Assessments
Dates of emergence and number of emerged seedlings were recorded. Assessments were made of plants damaged by severe wet weather and scored 1-9 (1 l complete plant kill, 9 l no damage). Pea diseases were also recorded. Final plant population densities were assessed in spring within three 0n33 m# quadrats per plot. Flowering dates were recorded. Assessments for straw length, numbers of live and dead tillers and pods per plant were made in early July for five plants per plot. Standing ability was scored (1 l completely lodged, 9 l erect) for each plot just prior to harvesting.
Plot yields and percentage moisture content at harvest were recorded. The peas were dried to 15 % moisture content and re-weighed. Thousand-grain weights were measured.
Statistical analysis
The data for plant population density, yield and plant growth were statistically analysed as a factorial splitplot design experiment by analyses of variance. The shape of the yield\plant population density response curve was estimated using regression analysis and plant densities required to maximize yield were estimated for cv. Rafale. The optimum plant population densities required to give the best financial return from the crop, taking seed costs into account, were also calculated. Seed costs were based on a range of seed costs of £400-500\tonne which included fungicidal seed treatment to control downy mildew (Peronospora viciae), and the calculated seed rate. The following assumptions were made : seedbed loss 20 %, germination 90 %, TSW 185 g. Financial return was based on site yield and a price for produce of £100-140\tonne.
RESULTS
Weather conditions were different for the three experiments but summer rainfall was lower than the long-term (30 year) average in all cases and harvesting conditions were dry.
Expt 1 (1993\94 )
Peas were sown into a wet seedbed and rainfall was much higher than the long-term average from October until the end of April. The winter was generally mild, with the lowest air temperatures during the third week in February when they reached k6 mC on three occasions, and there was no plant death due to frosts. Rainfall from mid-May until harvest was negligible and temperatures were frequently higher than average during late May and June. 
Expt 3 (1995\96 )
Sowing conditions in October and November were much drier than in previous years. The weather was mild and the October-sown peas emerged earlier than in previous years. December was a wet month and night temperatures were 0 mC on several occasions, falling to k8n9 mC on 28 December. There were also cold spells during the last week in January, until midApril. In March there were very cold winds, which caused severe damage and constriction of the stem base of the pea plants. Rainfall from March until harvest was much lower than the long-term average, but temperatures were not generally as high as in the previous two years.
Emergence, flowering and harvest dates
Peas sown in warmer seedbeds in October emerged in early December or before, November-sown peas did not emerge until mid-January and December-sown peas much later, at the end of February or even midMarch (Table 1) . Although there were differences in flowering dates between peas sown at different times, peas matured at about the same time irrespective of sowing date following hot, dry weather in 1994 and 1995. Peas were harvested later in 1996 and also December-sown peas matured 8 days after the earlier sowings.
Final plant population density, cold tolerance and disease observations
Interactions between sowing date and target plant population were negligible and in some cases too inconsistent to be agronomically important (not shown). Only the two main treatment means are presented.
At each plant density, the final population reflected the losses in the seedbed plus plant death due to frost and cold winds. Seedbed losses were calculated from the number of peas emerged compared with the number sown and likely to germinate. Where there was no damage from severe weather, all emerged peas survived.
In Expt 1, sowing date had no statistically significant effect on final plant population (Table 2) . A 20 % allowance was made to account for seedbed plus plant losses, but there was no plant death in a mild winter. Although seedbed conditions were wet there were few losses, 14 % for the October and November sowings (mean of all seed rates), and 12 % for December. Thus the allowance of 20 % was reduced to 15 % in Expts 2 and 3.
For Expt 2, plant death was again negligible. Seedbed loss (mean of all seed rates) was 15 % from October, 10 % from November and final plant populations were significantly lower (P 0n05) after sowing in wet cold seedbeds in December, which resulted in a 21 % loss.
In Expt 3, sowing date had a statistically significant (P 0n05) effect on final plant population and there were plant losses resulting from frosts and cold winds which affected the October-sown peas most. Seedbed plus plant losses for October-sown peas were 21 %. For November-sown peas, plant death was negligible and the 17 % loss was mainly due to seedbed effects. The December-sown peas did not emerge until 15 March, and thus plants were not affected by the severe weather, but seedbed losses were high and there was also damage from pheasants where the seedbed was not rolled, totalling 39 %. Thus final plant population density was significantly lower (P 0n05) for December sowings.
Pea plants were assessed for diseases in spring. Infections of Mycosphaerella pinodes and pea bacterial blight (Pseudomonas syringae pv. pisi) were slight in Expts 1 and 2. In Expt 2, there was a higher incidence of pea bacterial blight for peas early-sown in October than for later sowings, but in the subsequent dry conditions the disease did not develop. Infections were more severe following a colder winter in Expt 3. Infections did not develop during the dry spring and summer and the effect of plant density and sowing date could not be compared.
Growth analysis : tillering, number of pods\plant, thousand-seed weights and straw length
Winter-sown pea varieties generally have a greater capacity for tillering compared with spring-sown peas. The number of surviving tillers was low in these experiments and was not influenced by sowing date ( Table 2 ). The number of live tillers decreased as plant population increased in Expts 1 and 2, and were highest for the lowest populations in Expt 3, but differences were only statistically significant for Expt 1 (P 0n05). Tiller survival depended on the effects of frost and disease in spring and on drought stress, and in these experiments the cause of death was difficult to determine. Some tillers appeared to die as a result of drought stress in 1994 (Expt 1), which affected later (November and December) sown peas, and drought stress also affected tillering in 1995 (Expt 2) for later sown peas and high populations, although differences in dead tiller numbers were not significant. Plant population and sowing date had no effect on tiller death in Expt 3. Sowing date did not affect pod numbers in Expt 1 or Expt 3 (Table 2 ). However, in Expt 2, late frosts damaged flower buds on the earliest (October-sown) peas and hence there were significantly fewer pods (P 0n05) than on later sown peas and this was reflected in lower yields for October compared with November sowings (Table 2) .
In all years, the effect of increasing plant population was to decrease pod numbers per plant, which were significantly lower (P 0n05) for the highest populations in Expts 1 and 2.
Thousand-seed weights of harvested peas increased with earliness of sowing in Expts 1, 2 and 3 (Table 2) . They were greatest for the lowest population in Expts 1 and 3 but plant population density had no statistically significant effect in Expt 2.
In all experiments, pea straw length was not affected by plant population (Table 2) . Plants were much taller in Expt 1, 75 cm for the mean of all treatments, compared with later years, 49 cm and 48 cm, the means for Expts 2 and 3 respectively. Straw length decreased with delayed sowing date in Expt 1, but in Expts 2 and 3, later sown peas were slightly taller than those from earlier sowings. The differences were not statistically significant for Expt 3.
Standing ability and maturity
In Expt 3, the peas on all plots were erect at harvest, and there was little lodging for Expt 2. There was more lodging in Expt 1, and this was greater for November and December-sown peas, even though plants were slightly shorter. There was a trend to increasing lodging as plant population increased for the October and November sowings. In 1994 (Expt 1) the peas from all sowings matured at a similar time after dry, hot weather (Table 1) . Moisture contents (MC) of peas on 10 July in Expt 2 were slightly higher (22 %) for December sowings compared with 18 % MC for October and November sowings, and in 1996 (Expt 3) December-sown peas matured 8 days later than October and Novembersown peas.
Yield of winter peas
In Expt 1, pea yields decreased as sowing date was delayed and differences were significant at P 0n05, but in Expt 2 the highest yields were from November sowings (P 0n05) ( Table 2 ). In Expt 3, winter peas sown in November outyielded peas sown in October (P 0n05) and final populations for each target were similar. Winter peas sown in December were lower yielding where lower populations than the target were achieved (Table 2 ). However, comparisons between similar final populations for December showed yields were not significantly lower.
Plant population density did not affect yield of peas in Expt 1. In Expt 2 peas sown at 90 plants\m# were significantly (P 0n05) higher yielding than peas sown to achieve 50 plants\m# and in Expt 3 the lowest populations also gave the lowest yields.
A combined statistical analysis of all yield data for Expts 1, 2 and 3 showed there was a significant interaction between year and sowing date but there was no interaction between year and plant population density achieved. A fitted curve y lk0n0004x# j0n079xj0n2879, with a value for R# l 0n3463 was derived by regression analysis of the means of plot data for all three experiments to give a relationship between yield (t\ha) y, and final plant population (plants\m#) x. Figure 1 , which shows yield data versus final plant population, illustrates the sharp increase in yield as final plant population density increased up to c. 75 plants\m#, but little increase in yield above this value. Maximum yield was achieved at 90 plants\m#.
DISCUSSION
Winter losses in commercial UK crops were negligible in the mild winters of 1992\93, 1993\94 and 1994\95, but several incidences of loss were reported in the spring of 1996. In France, growers are advised that the level of cold tolerance of winter peas is sufficient for them to survive at least four out of five years in most regions (Anon. 1996) .
In the experiments at PGRO, peas sown in warmer seedbeds in October emerged in early December or before, November-sown peas did not emerge until mid-January and December-sown peas much later, at the end of February or even mid-March. There were no plant losses from any sowings during the mild winters of 1993\94 and 1994\95, when there were few periods of severe frost. In contrast, in 1995\96, Rafale winter peas sown in a warm October emerged earlier than in the previous years, and were thus more advanced and vulnerable to frequent frosts during December, when the minimum air temperature fell to k8n9 mC on one occasion, and there were prolonged frost periods from the last week in January until midApril. The October-sown peas were also tall and suffered from ' wind rock ' where stems at the base of plants became constricted, and appeared less able to take up the nutrients required to sustain new growth in spring. The resulting losses (plant plus seedbed loss) were 21 % for October-sown peas (Table 2) . From November sowings, losses, mainly seedbed, were 17 % and in December there were additional losses due to pheasants.
It has been shown in French studies (Bourion 1996 ; Carroue! e 1996) and at PGRO, that Rafale is less coldtolerant than some other cultivars, for example Victor and Froidure.
The more advanced, October-sown, peas were also more vulnerable to damage from late frosts in April during flower initiation (Expt 2) and yields were reduced. Similar effects have also been noted in France (Anon. 1996) .
In Expts 1 and 2, yields of December-sown peas were significantly lower than November-sown peas, probably because they suffered more from drought stress and high temperatures during flowering. Although 1996 was also a dry summer, temperatures were lower than in the previous two years and the low yields in December-sown peas in Expt 3 were mainly due to poor establishment and low final populations. In France, one of the main reasons for growing winter peas is because they flower 2-3 weeks before spring peas and are less likely to suffer from drought stress and high temperatures during the sensitive flowering period (Anon. 1995).
Pea bacterial blight (Pseudomonas syringae pv. pisi) infections were observed in most plots in spring in all years and there was also Mycosphaerella in Expts 2 and 3. During the dry weather which followed, pea bacterial blight did not develop and become severe, and thus the effect of sowing date could not be assessed. In France, early sown winter peas suffer more from disease than late sowings (Samson 1996) .
The highest final plant population densities in Expts 2 and 3 gave the highest yields but there was no significant effect in Expt 1. Figure 1 also shows that, as final plant population density increased from 75 to 90 plants\m#, the increase in yield was slight. The optimum final plant population density, calculated to give the best financial return for a range of world market prices for peas and seed costs, suggested that the optimum was 77 plants\m#, but there was little difference between this and 80 plants\m#. In practice, however, growers may sow winter peas at slightly higher populations than this to reduce risks. Crops with a thin plant stand are more vulnerable to pigeon attack, and winter peas offer poor competition with weeds during early crop growth. To achieve this target, losses of c. 15 % due to sowing seed in a cold, possibly wet seedbed in November are likely, rather than winter plant loss.
In France, recommendations for number of seeds sown are c. 60-90 seeds\m# depending on the region (Anon. 1995). There is a greater variation in climatic conditions in the pea growing areas of France than in England.
In all three experiments, peas were harvested in early to mid-July, about 1 week earlier than spring varieties sown in February\March on the same field. Sowing date had little effect on maturity of winter peas with the exception of 1996, when the Decembersown peas, which did not emerge until March, matured 8 days later than those from earlier sowings.
In conclusion, the yield potential of winter peas was dependent on sowing date. Yields of cv. Rafale sown early, in October, were reduced either because of cold and windy weather in winter or as a result of damage from late frosts during the flowering period. Other cultivars, which may have better winter cold tolerance are all likely to be affected by late frosts during flowering if sown early. December-sown peas were more vulnerable to drought during flowering. Therefore mid-November appears to be the optimum sowing period in order to achieve reliable yields. However, drilling later than October is not popular with growers and in some years (1992 and 1996 for example) conditions may be too wet to drill in November or December, particularly on heavy soil types. The experiments also suggest that the optimum target plant population density is 75-80 plants\m#. The seed size is smaller for Rafale than for most spring cultivars and thus the seed rates recommended are lower. 
